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ABSTRACT 

If  and  represent  two  coaplex  tim-  functions  end  ee  i» 

« large  high  frequency  carrier,  the  mrt<*  value  of  [»c*»i4«2 J - j ®e4*l"*2 
la  equivalent  to  the  prots?  V.  »f_*i  and  *2>  Whan  the  functions  art 
voltages  this  difference  in  Magnitudes  oan  ba  found  with  staple  con- 
ventional circuits.  this  implies  that  ’jlectronic  nultiplication  is  not 
as  difficult  as  other  Methods  night  land  ona  to  eonolode, 

A circuit  and  tha  operating  data  on  it  are  reported  hare  to 
verify  this  implication.  This  new  Method  ia  examined  in  s officiant 
detail  to  aaka  ele<-r  why  it  works.  Its  suitability  for  uaa  in  a wide 
variety  of  aeiltinliers  is  pointed  out  but  it  is  presented  chiefly  as  e 
solution  to  t>w  problea  of  constructing  Multipliers  for  field  use  idiere 
simplicity,  low  ooet,  ease  of  Maintenance,  and  ruggadnaas  are  feature! 
that  hare  to  ba  combined  with  accuracy  and  wide  dynamic  range. 


• • • • • • 


• * 


I.  IMTRODUCTIDH 

It  is  cocao n practice  to  add,  subtract,  Integrate,  or  differen- 
tia to  raw  fluid  data  bafora  recording  it,  but  received  signals  ara 
rerely,  i-f  aw,  Multiplied  togather  in  the  field.  Tbs  rsasooa  for 
not  multiplying  aa y hare  bean  that  (1)  electronic  multipliers  wars 
expensive  and  difficult  to  build  and  (2)  the  advantages  of  anltiplying 
coeplu  signals  wars  not  bought  to  justify  the  effort  of  developing 
instruments  for  doing  it. 

Recant  develcpmnts  have  invalidated  this  aeoond  reason.  The 
Advantages  of  electronic  computers  which  involve  ■duplication,  partic- 
ularly those  involving  correlation  techniijuea  for  detecting  seall  signals 
in  the  presence  of  noise,  have  been  demonstrated  theoretically  and  in 
laboratory  experiments  and  several  practical  electronic  Multipliers 
have  been  reported. 

At  far  me  field  use  of  eul tip liars  is  concerned,  though,  the 
flrat  objection  still  applied  until  the  development  reported  hers  was  ^ 
completed.  Most  other  multipliers  have  exoellent  operating  eharaeteriatlos 
but  they  larked  the  simplicity  and  freedom  from  delicate  parts  and  adjust- 
ments that  are  vital  for  field  equipment.  The  instrument  described  here 
ie  one  that  haa  thee*  additional  characteristics  and  appears  to  be  well 
suited  for  field  use.  It  la  inexpensive,  small,  easy  to  construct  and 
repair | lta  operation  1a  stable  and  aoeurate  over  a wide  dynamic  range j 
and  standard  components  can  be  need  throughout  the  circuit. 


ThsM  chsraeteriatics  a tea  fro*  using  * new  aethod  of  finding-.; 
products.  It  is  aiailar  to  previous  Methods  in  that  so  tool  aultipliaa- 
tion  is  circumvented  by  using  operations  other  than  Multiplication  to 
produce  a quantity  that  is  equivalent  to  the  desired  product.  In  this 
nethod,  however,  a different  quantity  la  produced.  It  is  one  that  <--'n 
be  obtained  from  the  inputs  with  staple  oonsentional  circuits.  Thus 
the  n«*d  for  special  parts  and  couples  circuits  which  exists  in  aost 
other  aultipliers  is  sliainated. 

This  presentation  Includes  (1)  a list  of  the  steps  to  produce 
the  new  quantity,  (2)  an  explanation  of  why  it  is  proportional  to  the 
product  of  the  inputs,  (3)  e circuit  in  which  this  asthod  of  finding 
products  wee  used,  (]|)  operating  data  on  the  circuit,  end  (5)  a dis- 
cussion on  the  amplitude  and  frequency  limitations  of  the  signals  applied 
The  eethod  is  suitable  for  wider  use  than  Just  in  field  type 
lnstruaenta  and  deserves  consideration  for  use  in  aultipliers  for  ell 
applications. 
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ii.  piscpssiom  o*/rm  wsr?r.r 

The  object  of  t ha  new  cs> thod  it  to  find  tha  average  value  of 
tba  differ'- re*  in  magnitudes  of  two  special  signals  pr'-  lucsd  fro*  a 
c"«Kbix\,ion  of  a hf(rh  frequency  sawtooth  warier  and  t1  j.-o.ts.  It 
car>  oa  Identified  at  the  "difference  in  magnitude^"  Method. 

To  find  the  product  of  two  complex  tiaa  function*,  ej  and  aj, 
fay  tha  diffaranoa  in  magnitudes  method  thaae  a taps  need  to  be  taxes ■ 

1.  Add  a large,  high  frequency,  sawtooth  carrier,  eQf  to 
either  e^  or  eg  (use  ej,,  for  axaepla)  to  obtain  a^ae. 

2.  Add  and  subtract  tha  other  input  signal,  eg,  to  thie  sum 
obtaining  ec+ai*e2  and  ac*e^-#g. 

3.  Find  tha  absolute  magnitude  of  thaaa  quantities,  Ue+*14*? 


i.  Find  tha  abaol 

and  a0*a1-e2  |- 


k.  Subtract  tha  second  of  thaaa  abaoluta  magnitudes  from  tha 
first  to  obtain  tha  diffaranoa  j •0+*i4*2r’!tQ**l'"*2|* 

5.  Average  this  difference.  The  result  is  ke^ag  where  k la 
a simple  proportionality  constant. 

Aa  long  aa  the  difference  of  step  h is  obtained,  tha  order  of 

V 

tha  previous  steps  and  tha  circuits  used  for  taking  thee  are  unimportant.' 
Of  course,  tha  accuracy  of  tba  method  depends  on  the  accuracy  of  the 
difference  so  high  qnallty  circuits  should  be  used.  The  ease  of  satisfy- 
ing this  condition  accounts  for  tha  advantage a of  tha  aethod. 

To  ahow  that  this  procedure  produces  tha  product  of  a^  and  S2, 
tha  average  of  tha  difference,  Jecre^egj-j  •e"*i-*2| » auat  fahown  to 
ba  equivalent  to  the  product.  To  do  thie  tha  waveform  of  the  difference 
function  will  ba  examined. 
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'X  any  instant  the  value  of  the  difference  it  proportional  to* 
whichever  of  the  two  signals,  ec*e^  or  e g * 1*  smeller.  It  ie  positive 
when  both  of  the  signals  have  the  muw  sign  but  becomes  negative  when 
one  signal  in  positive  and  the  other  ia  negative.  These  facta  can  be 
verified  b y inspection,  first  simplify  the  expression  by  letting  *c**\ 
equal  a single  signal,  Sj,  and  letting  %2  sd11*!  another  signal  82* 

Then  evaluate  the  expression  with  all  possible  relations  between  the 
amplitudes  and  signs  of  the  S}  and  3g  signals. 

Vt»n  sc  is  a large  high  frequency  sawtooth  wave  and  a^  and  S2 
are  aine  waves,  the  difference  function  that  satisfies  the  specified 
conditions  is  shown  in  Figures  1 and  2.  In  Figure  1,  a^  ia  sero)  In 
Figure  2,  e^  ia  identical  to  eg.  S^(equal  to  ecva^)  and  Sg  (equal  to 
02)  labeled  in  the  figures.  The  heavy  solid  curve  designated  as 
eQ  la  the  difference  function.  This  curve  differs  only  slightly  from 
what  resales  of  the  signal  after  the  positive  and  negative  peake 


t 


are  dipped  off  at  a value  depending  on  the  Sg  signal.  The  dlfferenoe 


i 
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is  that  a reflection  of  the  remainder  about  the  sero  axle  is  obtained 
when  3g  i.  negative.  The  reflection  occurs  because  the  dlffersnoe  is 
positive  when  both  Sj  and  Sg  ar«  negative.  The  clipping  occurs  because 
the  difference  function  follows  the  Sg  signal  when  that  rov?  Is  smaller 
but  follows  the  3}  signal  when  It  become  the  smaller  one.  A conclusion 
that  can  be  made  1 -mediately  is  that  Sg  independently  controls  the  heights 
of  both  the  positive  and  negative  pula.*  that  appear.  It  fellows  from 
this  as  wo'  as  from  the  expression  for  the  difference  that  the  dlfferenoe 


aagnitades  ie  uro  when  «2  i*  *®ro • The  effect*  of  *]_  on  the  differ- 
ence function  vlll  now  have  to  be  found. 

Th*  difference  between  Figure  1 end  Figure  2 ere  due  to  *j_. 
lie  effect*  can  be  visualieod  by  leaglnl  ng  th*  difference  function  to 
be  th*  pert  of  a plotted  curve  of  th*  carrier  that  could  be  keen  through 
a window  in  an  ope^ue  shield  placed  over  the  plot.  Thia  transparent 
section  would  be  in  th*  shape  of  the  Magnitude  of  the  *2  signal.  When 
e^  la  sero  th*  carrier  axis  would  be  right  under  the  center  axis  of  the 
window.  A curve  such  as  that  It  be  led  eQ  in  Figure  1 would  b*  seen. 

When  e^  is  added  the  opaque  shield  would  not  be  aoved  brut  the  carrier 
plot  would  be  shifted.  It  would  mows  up  at  the  points  representing 
ties*  when  «]_  is  positive  and  down  when  ej  la  negative.  A curve  like  eQ 
of  Figure  2 would  be  seen  through  the  window.  Moving  the  carrier  up  and 
and  down  thia  way  would  look  through  the  window  like  *^  to  shifts  the 
slanting  parts  of  th*  carrier  sideways,  thia  causes  widening  of  scat  * 
pulses  and  narrowing  of  the  adjacent  ones  which  have  th-  opposite  sign. 
The  conclusion  to  be  drawn  Crow  this  la  that  s^  controls  the  difference 
between  the  width* of  the  positive  end  nsgatlws  pulses. 

Since  th*  vertical  shift  is  proportional  to  *1  end  tbs  carrier 
la  linear,  th*  change*  in  puls*  width  are  proportional  to  e^.  Figure  3 
can  b*  used  to  show  that  when  this  condition  is  satisfied  and  th*  pulse 
height*  depend  ou  *2  th*  average  value  of  the  difference  function  is 
proportional  to  *■»■**?. 

Figure  3 is  an  enlarged  drawing  of  toae  typical  pulses.  Th* 
dotted  curve  1*  the  shape  the  difference  function  would  have  if  e^  were 


wo;  t he  solid  curve  is  obtained  whan  it  la  not*  The  shaded  areas 
ara  the  differeocaa  between  positive  and  negative  pulse  areas  due  tc 
si.  These  are«3  are  enclosed  'ey  parallelograms  so  they  equal  the  prod- 
uct of  the  length  of  one  pair  of  sides  and  the  distance  between  them. 

The  length  of  the  sides  in  the  direction  of  M>e  sero  axis  is  proportional 
to  a^.  The  pulse  heights  and  hence  the  distance  between  the  sides  of 
the  parallelogram  are  proportional  to  e*.  Therefore,  the  differences 
in  positive  and  negative  pulse  areas  per  cycle  of  the  carrier  and  hence 
the  average  value  of  the  difference  function  is  proportional  to  c^xe^. 

In  summary,  a simple  method  of  finding  the  waveform  of  the  differ 
ence,  |ee4'«i*®2|  ')®c*#l"*ll  W4S  presented.  The  peculiar  dependence  of 
this  wave  on  s^  and  e^  when  ec  is  a sawtooth  wave  was  pointed  out. 

Than  the  average  value  of  expression  was  shown  to  be  proportional  to 
ex  times  #2«  This  shows  that  the  stej listed  in  the  opening  paragraph 
produce  the  equivalent  of  multiplication. 

from  this  explanation  it  can  be  seen  that  the  peak-  carrier 
amplitude  must  be  larger  than  the  sun  of  the  ex  and  eo  ajqslitodae. 

If  this  condition  aid  not  exiet,  eg  would  not  be  smeller  than  ec*e^ 
whan  ax  and  ec  have  opposite  signs  and  it  would  not  control  the  pulse 
heights.  Making  the  carrier  very  large  to  make  doubly  sure  it  is 
large  enough  la  not  a good  idea,  though,  because  the  multiplied  output 
voltage  for  fixed  inputs  gets  smaller  when  the  carrier  ia  increased. 
Referring  to  Figure  3.  the  planting  aides  of  the  pulses  get  steeper 
when  the  carrier  geta  bigger  so  the  horitortal  shifting  of  these  sides 
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would  be  less  when  ej  shifted  the  carrier  vertically.  As  e result  *r~ 
the  area  changes  due  to  e^  would  be  smaller  and  there  would  be  Ices 
Multiplied  output.  As  a compromise  on  the  carrier  site  it  can  be  set 
to  equal  the  sum  of  th»  expected  peak  values  of  ths  e^  and  e2  signals, 
Monlto  ing  and  ifl  then  advisable  to  make  sure  they  do  not  exceed 
their  expected  values. 

Ths  carrisr  frequency  should  be  ae  high  as  practical  to  get 
operation  as  discussed.  It  has  no  effect  on  the  output  voltage,  but 
determines  to  some  extent  the  complexity  of  ths  output  averaging  cir- 
cuit. The  higher  *h#  carrier  frequency  the  simpler  this  circuit  can 
be. 

The  explanation  of  how  the  method  works  also  llluatratee  the 
fact  that  any  wave  that  varies  linearly  with  time  would  be  an  accept- 
able carrier.  Selection  of  the  one  used  can  depend  entirely  on  con-  \ 
venience  of  generating  it  and  the  necessary  complexity  of  the  ciroulta 
for  using  it. 

For  this  discussion  e^  and  a?  mere  assumed  to  be  sine  waves  so 
change*  fro*  normal  shape  would  be  easily  recognised  in  the  figures. 

The  same  conclusions  would  have  been  reached  if  coa^lax  inputs  had  bean 
assumed,  so  the  discussion  should  not  be  construed  to  indicate  thct  the 
difference  in  Magnitude  method  can  only  be  used  on  sine  wave*. 
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HI.  T«  CIRCUIT 

Thi  circuit  presented  illustrates  the  practicality  and  supports 
the  validity  of  the  foregoing  procedure  and  analysis,  but  the  main 
reason  for  presenting  it  ia  to  illustrate  the  simplicity  of  the  circuits 
retired,  this  s««>s  to  justify  including  the  detail  schematic  diagram 


of  Figure  5* 

Omitted  fro*  this  diagram  are  a twin  triode  Potter  type  sawtooth 
«mee  generating  circuit  and  the  power  supply  which  make  it  a complete 
multiplier.  The  two  channels  in  the  instrument,  one  for  handling  the 
S1  signal  and  the  other  for  S2,  »r«  labeled.  The  only  difference  between  j 
them  up  to  the  secondaries  of  the  output  transformers  is  a triode  adding 
circuit  for  adding  e1  to  ae  (step  1 in  the  procedure). 

The  amplifying*  phase  inverting,  and  power  amplifying  stages 
In  each  channel  were  included  so  that  maximum  multiplied  output  could 
be  obtained  with  low  level  input  signals.  These  circuits  were  also 
necessary  for  presenting  signals  to  the  output  transformers  so  that 
ell  ot)mr  steps  of  the  procedure  can  be  performed  in  the  transformer 

secondary  and  following  circuits. 

The  transformer  secondaries  were  connected  so  that  (53*82)  and 
(Sl-Sj)  (ths  quantities  specif isd  in  stsp  2)  would  be  produced  in  push 
pull  relative  to  ground.  The  points  st  which  the  signals  are  obtained 

»rs  labeled  on  the  circuit  diagram. 

Step  1 (full  wave  rectification  of  the  step  2 signals)  is  p*r- 
r fci-Md  ^ the  four  diodes.  The  polarities  of  two  of  them  are  reversed 


ft 
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to  transform  th«  operation  of  subtracting  required  In  step  1*  to  cue  of 
adding.  This  was  done  so  that  the  difference  affectively  obtained  would 
be  represented  by  a voltage  relative  X*  _ ound.  An  enlarged  drawing  of 
the  diode  circuit  is  shown  in  Figure  in  The  full  wave  rectified  value 
of  aPP°*ra  at  the  point  marked  "A”  in  the  circuit  and  the  negative 

of  this  value  of  S^-Sg  arrears  at  "3". 

Step  L la  taken  in  the  T-shaped  resistor  network  between  the 
diodes.  The  voltage  at  point  ”C"  la  the  arum  of  the  voltages  at  "A"  and 
"B”.  This  is  where  the  difference  in  magnitudes  appear. 

The  low  pass  ItC  filter  connected  at  point  nC"  averages  the  differ- 
ence in  aoplitudes  to  complete  the  procedure.  The  filter  output  la  pro-, 
portlonal  to  the  product  ejxeg. 

Our  specific  use  for  this  multiplier  Influenced  the  design  of 
the  circuit  saerwhat.  A discussion  of  this  use  may  answer  questions  on 
psrrl»iMibla  differences  between  these  and  circuits  in  instruments  for 
other  applications. 

In  ths  first  place  a single  ended  output  was  desired.  This  may 
always  be  true.  If  an  ungrounded  output  is  satisfactory,  the  one 
pair  of  diodas  need  rot  be  reversed  and  the  resistance  T network  in 
which  some  loss  in  signal  is  suffered  need  not  be  used.  Also,  both 
ths  SjvSg  and  the  S^-3 j signals  would  not  have  to  be  balanced  to  ground. 

Transformer  coupling  to  the  diodes  was  poesible  because  do 
components  In  the  inputs  were  not  to  be  multiplied.  Other  coupling 
^sJ^emes  would  *ake  multiplying  dc  signals  possible  and  could  be  used 
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lor  ac  a ism*  la  too.  Transformers  ware  used  In  this  cam  to  get  as 
large  a signal  as  possible  applied  to  the  dlodae  without  overdriving 
any  of  the  previous  stages  and  within  the  limitations  of  the  250 
volt  power  supply  used.  This  wee  desired  because  the  maximum  value 
of  the  output  product  and  hence  the  dynamic  range  depends  on  how 
large  a voltage  can  be  applied  to  the  diodes. 

In  this  instrument  a $ kc  sawtooth  carrier  wee  used  end  it 
was  added  at  the  imut  tc  tne  channel.  The  whole  channel  had  to 
paae  it  without  distortion  so  the  channel  frequency  characteristic 
had  to  be  flat  up  tc  the  neighborhood  of  50  kc*  This  explains  the 
use  ol  degenerative  feedback  around  the  voltage  and  power  amplifying 
stages.  Similar  feedback  was  included  in  the  Sj  channel  to  (take  the 
two  channels  enough  alike  that  e^  and  eg  signals  at  the  diodes  would 
have  the  same  relative  phases  and  amplitudes  that  they  had  beck  at  the 
input  terminals.  Addition  of  the  carrier  at  a later  point  in  the  cir- 
cuit would  relax  the  restrictions  on  the  design  of  the  earlier  stages 


and  reduce  the  need  for  feedback. 

•l 

Potentiometers  were  included  in  the  transformer  secondary 
circuits  to  Improve  the  balance  and  to  compensate  for  slight  differences 
in  diode  characteristics.  Proper  adjustment  was  found  by  observing  the 
difference  signal  at  point  *C"  in  the  circuit  w**ile  e^,  eo,  *md  a0  wore 
applied  separately.  Settings  for  best  operation  did  not  hare  to  be 
changed  during  several  months  of  operation  except  when  a diode  wea 
replaced. 


ft 
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Ti»  potentiometers  in  the  S’  channel  input  adding  circuit  war* 
included  for  adjusting  the  relative  amplitude a of  the  e^  end  ec  signals 
Channel  gain  controls  vers  included  to  prevent  overdriving  for  Urge 
Input  signals  but  to  permit  increasing  the  gain  to  gst  plant/  of  out- 
put for  small  input  signals.  These  controls  effectively  set  the  pro- 
portionality constant  between  the  output  voltage  and  the  product  of  the 


& 
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IV.  TEST  3ESULT3 

The  operating  characteristics  of  the  multiplier  were  measured 
as  sinusoidal  input  signals  were  applied.  To  check  on  the  proportional- 
ity of  the  output  to  each  input,  the  ram  value  of  the  inputs  and  the 
dc  output  were  measured  as  one  input  was  held  constant  and  the  other 
varied.  Plots  of  the  data  obtained  in  this  manner  are  presented  in 
Figures  6 and  7.  As  these  data  were  being  obtained  the  peak  to  peak 
amplitude  of  the  constant  input  was  set  at  ont-half  the  peak  to  peek 
amplitude  of  the  carrier.  Maximum  allowable  value  for  the  other  input 
signal  was  defined  re  the  value  at  which  the  sum  of  the  Inputs  equaled 
the  carrier.  The  data  shows  that  the  output  ie  proportional  to  both 
lrputs  within  better  than  1<  below  the  maximum  value  of  the  inputs  and 
that  only  slight  deviations  from  proportionality  occur  when  this  value 
is  exceeded. 

A further  test  of  multiplication  accuracy  wae  conducted  by 
finding  the  a«q>litude  of  one  input  required  to  produce  a given  dc 
output  for  each  of  several  values  of  the  other  input.  If  the  output 
is  the  product  of  the  two  inputs,  there  should  be  a reciprocal  relation- 
ship between  the  inputs  for  constant  output  eo  a log-log  plot  of  one 
input  versus  the  other  should  be  a straight  line.  The  data  shotring 
the  relationship  between  the  inputs  are  presented  in  Figure  8.  Maximum 
deviation  of  the  circled  data  points  from  the  lines  occurred  for  low 

a 

values  of  output  voltage.  Lack  of  accuracy  in  measuring  low  values  of 
both  input  and  output  voltage*  probably  accounts  for  these  deviations. 
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The  dynamic  rangn  uf  vh*  suit  ip  Her  ni  defined  aa  the  ratio 
of  the  output  obtained  wif  riaxima  allowable  inputs  to  the  value 
obtained  when  either  or  both  inputs  were  aero.  When  the  inputs  were 
aero,  soas  oireuit  instabilities  caused  randoe  drifts  in  the  output 
that  wore  barely  detectable  with  s aster  on  which  10  millivolts  can 
be  read,  so  10  millivolts  was  assuasd  to  be  the  adnian*  attainable 
output.  The  dynamic  rang#  was  calculated  to  be  $00  to  1 on  thv<  basis 
of. this  sero  drift  and  a $ to It  aaxiaua  output. 

An  interesting  feature  of  this  type  of  suit ip liar  is  that  the 
accuracy  and  dynaaic  range  do  >iot  depend  on  the  dyaaalo  oharaoterlstios 
of  the  diodes.  Examination  of  what  happens  to  the  diodes  when  the 
clrer  . a*  multiplying  shows  that  the  carrier  effectively  Juab  switches 
the*  on  and  off.  Th*y  are  either  condu-.  t'jng  because  a large  positive 
voltage  is  applied  or  non-conducting  because  of  the  presenoe  of  a 
large  negative  one.  As  a result  the  diodes  only  need  to  have  an 
lmpedanoe  that  Is  low  coeparsd  to  the  rest  of  the  circuit  when  they 
are  conducting  and  high  when  they  are  not  conducting.  This  sliadnates 
an  objectionable  ;«cessity  for  using  Matched  or  specially  selected 
diodes. 

The  average  value  of  tbs  product  of  two  sine  waves  is  proper™ 
tional  to  the  cosine  of  tha  phase  angle  between  the  waves.  Data  to 
desKxistrwt*  that  this  characteristic  of  the  product  is  produced  by 
this  sultlplier  was  obtained  by  reading  the  output  voltages  as  the 
input  asplitudes  were  held  constant  but  tha  phene  angle  between  the 


.Jiput  sine  >>«»«£  vs 9 vsried  tt on  tore  to  130  degrees.  A plot  of  the 
output  versus  tbe  cosine  of  the  phase  angle  is  presented  in  Figure  9 . 
if  the  phase  angle  between  the  inputs  is  considered  to  be  a measure 
of  the  correlation  between  the  two  signal a,  this  curve  indicates  the 
operation  of  the  multiplier  as  a correlator  and  the  conclusion  can 
be  reached  that  the  outnut  due  to  unrelated  signals  would  be  taro. 

This  conclusion  was  verified  by  using  unrelated  noise  signals  end 
different  frequency  sirs  waves  as  inputs. 

The  foregoing  data  were  obtained  while  the  input  sine  waves 
were  between  20  and  <00  cycles  per  second  and  th»  time  constant  in  the 
output  filter  was  set  between  1 second  and  8 seconds.  Neither  the 
input  frequency  nor  the  filter  time  constant  in  these  ranges  of  values 
had  it  measurable  effect  on  the  de  output  voltages  recorded. 

To  study  instantaneous  products  the  upper  cutoff  frequency  of 
the  output  filter  was  raised  to  between  1 and  5 kc.  As  anticipated 
the  ac  output  was  at  twice  the  input  frequency.  It  varied  linearly 
with  the  input  amplitudes  and  wss  constant  with  frequency  when  the 
output  frequency  was  below  tbe  value  at  which  the  attenuation  of  the 
output  filter  could  be  noted.  With  pure  sine  wave  inputs  the  output 
should  have  had  no  components  other  than  those  at  double  the  input 
frequency.  Homver,  a email  input  frequency  eo^onent  was  -i-tected 
In  the  output.  By  using  extra  care  in  adjusting  the  balance  controls 
and  improving  the  linearity  of  the  sawtooth  carrier,  the  amplitude  of 
this  component  was  reduced  to  less  than  one  one-hundredth  of  the  ampli- 
tude of  the  double  frequency  component. 
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r.  DISCTSSIOH  AMP  CONCLUSIPXS 

Rigor  in  justifying  the  use  of  the  difference  in  aj^litod* 
aethod  was  sacrificed  in  this  presentation  in  fever  of  brevity. 

Empirical  results  presented  actually  seem  to  be  sufficient  justification. 

The  discussion  on  the  waveform  of  the  difference  function  was  included 

* 
t 

mainly  in  an  effort  to  give  s picture  of  whet  occurs  in  the  Instrument 
as  signal  amplitudes  vary.  A better  understanding  can  be  obtained  by 
o beer-ring  the  changes  in  the  difference  function  wave  shape  on  an 
oscilloscope.  Getting  curves  quite  similar  to  the  ideal  ones  of 
figures  1 and  2 is  not  difficult.  In  fact,  this  is  s good  ray  to 
evaluate  the  operation  of  s circuit. 

In  accomplishing  the  objectives  of  the  difference  in  amplitude 
netted  the  objectives  of  both  the  familiar  "quarter -squares " and  the 

.m 

pulse  area  methods  're  simultaneously  accomplished.  The  brief  analyt- 
ical justification  cf  the  new  netted  was  based  on  the  faet  that  it  is 
a practical  pulse  arse  netted.  Bat  the  average  of  the  magnltades  sub- 
tracted in  the  method  can  be  shown  to  be  the  squares  of  the  sum  and 
difference  of  the  inputs,  so  the  objectives  of  the  quarter-squares 
netted  are  accomplished  too.  Since  this  is  the  case  one  night  conclude 
that  multipliers  in  which  only  one  of  the  earlier  methods  is  used  were 
partially  using  the  difference  in  amplitude  method.  Then  the  fact 
that  using  it  completely  requires  simpler  circuits  slso  becomes 
interesting. 

It  hss  been  ruggeeted  previously  that  diode  circuits  other 
then  the  one  presented  could  be  used.  References  for  theca  other  cir- 


cults  would  include  discussions  on  phase  dlscrlminatora  end  *uppreseed 
carrier  Modulator a . The  similarity  between  the  diode  circuits  in  these 
device  a and  the  ones  required  for  multipliers  of  the  new  type  la  narked. 
In  fact  with  f he  carrier  reduced  to  aero  and  one  of  the  inputs  kept 
much  larger  than  the  other,  the  am  It  ip  liar  presented  in  this  paper  be* 
coeea  an  excellent  phase  discriminator.  With  normal  carrier  amplitude 
but  the  signal  designated  aa  e^  reduced  to  aero  end  no  output  filtering 
the  multiplier  becomes  a suppressed  carrier  modulator.  These  similar- 
ities suggest  the  probability  that  many  ph**'e  discriminators  and 
suppressed  carrier  modulator a can  be  converted  into  multipliers  with 
only  slight  modifications. 

While  the  operation  of  the  circuit  presented  la  cl  high  caliber, 
the  circuit  was  not  intended  to  represent  the  ultimate  in  either  else 
or  precision  that  can  be  built  to  operate  according  to  the  new  method. 
This  particular  circuit  has  fregiency  limitations  wiiich  would  not  asks 
it  especially  desirable  for  obtaining  Instantaneous  products  or  for 
asaltiplyi-'g  da  voltages.  These  are  not  limitations  of  the  method 
however  end  could  be Jbvarooae  by  designing  the  eirouits  for  these  end 
other  applications./  * 

It  la  hoped  that  this  presentation  sufficiently  demonstrates 
the  advantages  of  the  difference  in  amplitude  method  that  others  who 
need  electronic  multipliers  will  realise  useful  assistance  from  it. 
Multiplier*  constructed  to  operate  this  way  apoear  to  be  solutions  to 
the  problems  of  obtaining  inexpensive,  though  accurate,  wiltipliers 
for  laboratory  use  and  small,  rugged  instruments  for  field  use* 

This  development  was  pert  of  the  work  on  a classified  contract 
the  Office  of  Naval  Research  and  ths  Magnolia  Petroleum  Company. 
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Figure  1 - Output  Voltage  (With  o^»0) 

A-l 

Figure  2 - Output  Voltage  (With  e\  - Max.  Value* 
e2  • Max.  Value) 

Figure  3 - Typical  Pulses  When  *i  • 0 (dashed  lines) 
and  When  e^  ■ eg  (solid  lines) 

a 
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Figure  h - Circuit  for  Obtaining  Js^Sgj  -jSl-S2] 
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Figure  5 - Schematic  Oiagraa  of  Complete  Multiplier 
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Figure  6 - Curve  of  Multiplier  Output  ra  ei  Input 
with  e j at  Lieit  Value 
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Figure  7 - Curve  of  Multiplier  Output  vs  e2  Input 
with  at  Limit  Value 
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Figure  8 - t?  Input  Necessary  to  Produce  Various  Values 
of  Output  vs  e^  Input 
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Figure  9 - Multiplier  Output  vs  Input  Product  with 
varying  Phase  ingle 
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